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*errors for OTIS are typically 20% less than those of the other model. OTIS was designated as the Navy's new operational global-scale ocean thermal analysis product in July 1988. 
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Introduction puterized analyses for real-time monitoring of ocean
Realtim montorng o thrmalstrctur inthe thermal structure on global and regional scales for over Realtimemontorig o themalstrutur in he 5 years. In general. these analyses have combined realupper ocean is becoming increasingly important as we time ship. hathythermograph (bath\) huoy. and satseek a better understanding of global climate change. elt bevtoswt ~mt~g n rdcin fn aditon.an ccuaterepesetaton f te uper from numerical ocean models to produce fulix autoocean is important in both long-range and medium-mated 'nowcasts" ofocean thermal structure. range weather prediction, fisheries management. and Th Opiu Tera Inroltn sei the Operation of unk'rwatcr acoustic sy'stems. Trhe Ui.S.
Te Otmm Teml Itroain Sse -(OTIS) is the latest tocean thermal anal-,sis product Navy,'s Fleet Numical Oceanograph, Center developed for opteralional use at FN0C. (TIS is based (FNO('). Monterey. California. has operated corn-on the Optimum Interpolation (01) data assimilation technique of (andin ( 1 965 1. \%hich is used %widely in *Present alliliation: Nasal Oceanographic and \itmospheric Re-mecteorology. ] The 01 technique has been applied to I~iecorae 9~~ 0 j4' (1983) , Roemmich (1983) , Robinson and Leslie The Expanded Ocean Thermal Structure (EOTS) (1985) , McWilliams et al. (1986) , Hua et al. (1986) , analysis has been operational at FNOC for almost ten Robinson et al. (1986) , Cummings (1986) , Carter and years (Clancy 1987) . EOTS combines real-time ocean Robinson (1987) , Robinson et al. (1987) . and others. thermal observations with climatology via the FieldsBecause the 01 technique is well suited for handling by-Information-Blending (FIB) analysis technique data-sparse areas and assimilating data with differing (Holl et al. 1979 ) to produce a three-dimensional analerror characteristics, it is an attractive approach for ysis or "nowcast" of ocean thermal structure. A number operational ocean thermal analysis.
of operational EOTS runs are made daily at FNOC Basically and in general, the 01 technique maps ob-corresponding to various regions of high Navy interest. servations distributed nonuniformly in space and time When coupled additionally in certain regions to the to a uniformly gridded synoptic representation, or TOPS mixed-layer model in an analysis-predictionanalysis, of the target field. As in most objective analysis analysis data assimilation cycle, the system is referred techniques, the concept of resolvable versus subgrid-to as the TOPS-Coupled EOTS (TEOTS) analysis scale features is fundamental in 01. Resolvable features (Clancy and Pollak 1983: Martin et al. 1985) . Thermal are those of spatial extent greater than twice the mesh fields from EOTS and TEOTS are used to support length of the analysis grid, which are thus capable of FNOC acoustic predictions and transmitted to nubeing at least marginally represented by the grid. merous users through a variety of communications Subgrid-scale features are those with spatial extent less links. than twice the mesh length which, as a result, cannot
An operational test was conducted between I Febbe resolved by the grid. As far as the analysis is con-ruar, and 30 April 1988 to establish OTIS as a valid cerned, subgrid-scale features contribute to the error replacement for the global-scale implementation of in the observations.
TEOTS. This involved qualitative comparison of therAn 01 analysis is constructed as a background or mal fields produced by OTIS with those produced by first-guess field plus anomalies relative to this field. In TEOTS, and quantitative verification of both models general. the anomaly at a particular gridpoint is given against independent bathv data. During the test. OTIS by a weighted combination ofobserved anomalies, with and TEOTS functioned on the same horizontal grids the space-time autocorrelation function for the re-(the standard FNOC Northern Hemisphere and solvable anomalies governing which observations con-Southern Hemisphere 63 × 63 polar stereographic tribute. The 01 technique provides the optimum grids: see Clancy and Pollak 1983) . used the same weights applied to the observed anomalies such that monthly ocean thermal climatology, functioned on the the resulting analysis error will be minimized in a least-same schedule (one analysis per day). and had access squares sense. The technique also provides an estimate to the same real-time data base (i.e.. synoptic ship. of this error. The basic inputs to this process are the buoy. bathy. and satellite observations). Throughout statistics defining both the resolvable and suhgrid-scale the test. OTIS was coupled with its own \er,:on of variability of the target field about the background field TOPS in an analysis-prediction-analysis data assimand the instrumental error characteristics of the inca-ilation cycle independent of' FEOTS. The TOPS mixedsurement system providing the observations. layer model coupled with OTIS contained exactly the In operational meteorological applications of the 01 same physics and used exactly the same atmospheric technique. the first-guess field for the analysis is given forcing as that which was coupled to TEOTS. generally by a model prediction from the previous lhe purpose of this paper is to document the techanalysis. Climatology. the long-term mean state of the niques and assumptions used in OTIS. and present the atmosphere. does not enter the process. For operational results of the operational test of the global-scale O-IS oceanographic applications, however, this is not a viat FNOC. able approach: the present generation of ocean thermal prediction models. the atmospheric forcing used to 2. Description of the analNsis procedure drive them, and the observational data base available to update them arc simply not good enough. at least
In performing an analysis. OIS proceeds point-byfor global-scalc application, to keep the evolving ther-point through its hori/ontal grid, producing a complete mal fields "on track." ('limatological ocean thermal profile from the surface to the deepest anal\ /ed Icel struclure, derived from historical data. must be used at each gridpoint before advancing to the next...t each as a constraining factor. Consequently. OTIS follows of these gridpolill., the nalysis sequence is 1I ) sea stirthe approach of Alaka and tlhander (1972) by using face temperature. 2) temperature in the mixed laxcr. climatology as the first-guess field for the 01 analysis and 3) temperature below the mixed laxer. and treating input from an ocean prediction model as a special class of data. The prediction model used by 14 .sl, l 101F4, 0'lICr'l'
OTIS is the Thermodynamic Ocean Prediction System (TOPS) mixed-layer model described by ('lancy and OTIS represents the analyed sea surface temperaPollak ( 1983 ).
lure (SST) at the A th gridpoint TA" its these data and tend to control their weighting relative
The value of the TOPS prediction rms error ak for to climatology, other data, and TOPS in the analysis, use in Eq. (5) is obtained from
The MCSST data are handled in a special way which fy)2= (14 )InrrAL~ -+ G."
(1 complicates the determination of ( " Bc('or ) ( Befoe assimilation into the analysis, the MCSST reports where ( '()INIrIAL is the rms error of the resolvable within one-half mesh length of each gridpoint are block thermal field from the previous analysis initializing averaged around the gridpoint to form "super-obser-TOPS ad G. is the rms TOPS error growth over one vations" (see DiMego 1988) assumed valid at the grid-analysis -prediction-analysis cycle (i.e.. 24 hours). point. Because high MCSST data densities usually re-Thus, flllowing the approach of Bengtsson and Gussuit in many redundant MCSS'T reports around I grid-tafsson I 1972), the error in the predicted thermal field point, this averaging process provides an ellicient way is taken to be the error in the initial conditions plus to incorporate these high-resolution data without losing the error added due to error growth in the prediction any information on the resolvable thermal field. Thus, model. The quantity G is a user-specified parameter if the ith observation in Eq. ( I ) is an MCSST obser-chosen to reflect the rate of error growth in TOPS. It vation, it is in fact given by tends to control the weight assigned to the TOPS prediction relative to climatology and observations. ,) ClancV et al. (1989) present idealized data assimi-_ lation studies to illustrate the behavior of the analysisforecast-anal'-is coupling between OTIS and TOPS where T, is thejth individual MCSST report and A! is described above. In general, the mixed-layer model the total number of individual MCSST reports used in predictions reduce the error level of thW analysis by the block average. Thus, in view of Eq. (8), the expres-accounting for the response of the upper ocean to local sion for (a,")2 CsST becomes atmospheric forcing and carrying the integrated effect ... ofthis response forward in time. In the absence of large (9) anomalies, the thermal fields decay toward climatology at a rate which is governed by the prescribed TOPS where (MCSSr and eK1ICST are the standard deviation error growth rate Gk. and mean, respectively, of the instrumental error for The last user-specified parameter is the noise-to-sigthe MCSST reports and a,' is the standard deviation nal ratio for the subgrid-scale error X" defined by of the SST field resulting from resolvable SST variations
over the domain in which the MCSST block averaging L/ =Ir " (12) is done. The term (,r)2 represents the variance added because the differencing of the MCSST data with cli-Like A. B, and C, this quantity must be chosen to matology is done afier the block averaging and with reflect the statistics of ocean thermal variability. For the climatological temperature valid at the gridpoint example, Xi" must be larger in dynamically active rerather than be/bre the block averaging and with tem-gions, where subgrid-scale eddies produce large-amperatures obtained by interpolating climatology to each plitudc but unresolved perturbations in the thermal individual MCSST observation. This term is estimated field, than in more quiescent regions where the eddy by assuming a constant reference SST gradient and field is weak. Of course, X/' is a function of the grid averaging the resulting temperature variance over one mesh length, becoming smaller as the grid becomes grid space. Thus, finer and the unresolved portion of the thermal field decreases. 1r 2 2 (10) Equation (12) is used along with the rms difference between bathy observed temperatures and climatology (ri" to ohtain aiC and a,". Neglecting (nanIV, Which is where ' is a reference climatological SST gradient small ccmparcd to a," for the grid currently utilized by (taken to be 0.01 °C km -') and AX is a reference grid OTIS, and assuming that a" and a" are uncorrelated, space for the OTIS grid. Thus, for the FNOC 63 X 63 (a/') 2 c:in be written hemispheric grid (AX = 320 kin), ri' = 0.85 0 C.
No attempt is made to correct for any mean error 
amination of the climatological temperature profile. defined at gridpoint k on the OTIS vertical grid (see With A," specified by the user, and a"', and ,:;, calcu- Table I ). Beginning at the surlace and working downlated internally b\ OTIS. Eqs. ( 17 ) and ( IS) pro\ ide ward. ertical temperature gradients are examined to a, and T," for use in Eqs. (4). ( 5). (). ( 7). (9). and find the shallowest pair of levels bet\een % hich the (12 ). Note that a',. and thus a, and a,'. are determined vertical gradient is less than -0.05°C m '. The laser separately for each standard le\cl of the OTIS vertical depth hA' is then taken simply as the depth of the shaloutput grid (see section 2b). Note also from Eq. ( 17) lower level of this pair. and is thus alwkays one of the that aT,' is independent of horizontal location. Thus. discrete levels listed in Table I . Exacth the same proimplicit in Eq. ( 16 ) is the assumption that variations cess is carried out on the TOPS and bath\ profiles to of the rms bathy error a," with location are produced define h'!A and h,". The TOPS-predicted profile is deentirely by variations in the rms subgrid-scale error rr,". fined on the same vertical grid as OTIS. but the depths Equations (2)-( 12) and ( 17)-(18) constitute a defining the bath\ protiles are arbitrary. and thus the closed set which can be solved fbr the weights (q, and i4k. Once these weights are obtained, the analyed temperature is calculated from Eq. ( I ). Also. the rms error I*mi I. oroeal gri) JI r 0)lS oulpu! of the resolvable thermal field iaA" can then be calculated from
I 'od
Depth in rnetcrs TA," for the Ilohwing da' "s analysis, the %alue of( a,"' [( a"): (a,''") 3 hi~io" I'
h,"'s generally fall somewhere in between the OTIS/ In general. the bathy observations which contribute TOPS fixed levels of Table I. to the sub-mixed-layer analysis extend to varying The weights aA, and OA in Eq. (21 ) are obtained by depths. Bathys which reach to less than 250 m. or which solving the N + I equations of(2 ) as before. In solving have°, 1(T" -,')I >0.O°C m near their deepest (2), the parameters 7i, X," and Xk" are assumed pro-he portional to the corresponding values for the temper-reported depth Z, are used in the analysis only for ature analysis at 100 m depth. This implies levels above Zfi. Bathys extending to greater than 250 m depth for which
(24) near ZB are used in the analysis at all levels down to where the subscript MLD indicates values are for MLD 400 m. however, by extrapolating (T," -T,') downvariations, and K is a constant. ward. The mean-square error added to the extrapolated Although hk' and hk"' can only take on the discrete anomaly below _-R by this process is estimated from values of Table 1 , hk" resulting from the solution of (a,") 2 , = 0.0225 + 0.02 (21) and (2) can take on any value. Thus, it can be thought of as a "floating level" in the analysis system. X exp[ -0.05(:B -250)] ,(: -:Zn) (27) With the analysis for hA" complete. OTIS sets the where -is the depth of the extrapolation point for the temperatures at the gridpoints of Table I which are ith bathy In meters. Equation (7) for extrapolated shallower than hA" according to bathy observations below z then becomes
The quantities Y,,. X,". and X,"' required in (2) are where ( 7i"),,, is the analyzed temperature at level i.
derived from the user-specified parameters . 1. Bk. ('CA. (TA")(1 is the analyzed SST. and (A'/ "),, is the change X'," and t,3. III as before. In calculating X," and NA" via in TOPS predicted temperature from level n -I to (4). (5). and (7). the quantities a,'. a," and (T r ' are level n (level 0 implies the surface). Thus, the shape interpolated linearly from the fixed-levels of Table I of the temperature profile from the surface to the base to the floating levels. Equation (28) is used in place of of the mixed layer (e.g.. isothermal. weakly stratified. ( 7 ) for extrapolated bathy anomalies belo\ z-as disor multiple thermocline) is controlled exactly by FOPS. cussed above. Note that the inverse decorrelation scales Ik I,4. ('. and the noise-to-signal ratio A, lor sub-
.. t,-iixned-/aer
imixed-layer analysis can be assigned values by the user atdistinctly diflfrent from those at the surface. This is Following conclusion of the mixed-layer analysis at particularly important for (C . Mhich generally has a gridpoint k. OTIS performs an analysis I' much smaller value below the MLI) reflecting the at and below the analyzed N/I.D. Below this le\el. O-IS much longer time scale \ariability there.
utili/es a completely variable or "'floating" vertical grid U pon conclusion of the sub-mixed-layer temperadesigned to concentrate resolution in regions olt high UiixC aalsis. the anal\zed temperature anomalies at Nertical gradient. Beginning at the MIL) and \orking the floating le\els dehined b\ (26) are \ertically interdownxkard. the mesh spacing ofthis floating grid .\z is polated to the fixed levels of Table I open-ocean regions than in tropical or western bound- of this window from gridpoint to gridpoint. and at various depths for the same grid location. The area within the appropriate spatial window is arv current regions, where the atmospheric forcing and/ searched and, ideally, all observations within the specr pified window are collected. In practice, however, the or physics of TOPS is not fully adequate. In general, number of observations that can be collected is limited X " is smaller in quiescent regions (e.g.. eastern Pacific) than in dynamically active regions characterized by to 700 (a limit which is seldom exceeded). During the data search, the correlation of each observation with strong mesoscale eddies which are unresolved by the t the gridpoint il,k is computed from Eq. (3). Once all horizontal grid (e.g.. Kuroshio or Gulf Stream regions). of the observations are collected, they are sorted by these correlations to select the 15 reports most highly 4. Data selection and screening correlated with the gridpoint location for potential use Before the analysis begins, thinning and quality-in the analysis. If fewer than 15 observations are found. control algorithms are applied to the data. First, the all are retained, subject to one final quality control bathy data are screened by applying a sorting process procedure. which limits the bathy data density in 2.5' X 2.5' latThe (up to) 15 selected reports are screened for spuitude/longitude squares to the 60 most recent reports, rious data using a horizontal consistency check. or with no more than 30 taken from the same platform.
buddy check, patterned after that of DiMego et al. This thinning process is a practical necessity for han -(1985) . The particular details of the OTIS buddy check dling ocean weather stations, which typically report are described by Phoebus( 1989) . Briefly, the inequality two bathy observations per day.
Prior to computing the climatological anomalies
from the observations, all data are checked for physi-is examined for each pair of observations. If the incallv unreasonable temperatures. Any observations re-equality is satisfied, observations i and J corroborate porting less than -2'C or more than 40'C are dis-each other and are thus both given "'keep flags" equal carded. Once the observed anomalies are computed to the correlation between them i7," if the inequality is and passed to the analysis, they are subjected to a gross not satisfied, the observations contradict each other error check. Any observations which deviate by more and are thus both given "toss flags" equal to q,,. Folthan 7°C from climatology are rejected. lowing examination of all remaining pairs of reports, In addition, OTIS applies a ship-tracking algorithm the single observation with the highest summation of to screen out bathy reports with obvious position errors. toss flags is removed if the summation exceeds 2. HowThese types of errors are fairly common in the real-ever. observations whose keep flags sum to 2 or more time bathy dataset and result primarily from coding are retained regardless of toss flag settings. This process. and radio transmission errors (e.g., latitude and Ion-beginning with the examination of the inequality (29) gitude transposed, wrong hemisphere, etc.). Thus, and with all flag summations reset to 0. is then repeated OTIS monitors the successive positions of each ship until no observations have toss flags which sum to more reporting bathys at any time during the previous 60-than 2. The remaining observations are utilized in the day period and flags jumps in position which would analysis at the gridpoint. require impossibly large ship speeds (bathys deploved Equation (29) states that the absolute temperature from aircraft are not tested in this manner). Bathv diflierence between two anomalies is compared to some observations corresponding to the erroneous position tolerance which is a function of the correlation between reports are excluded from further processing by OTIS. them r7, and the long-term rms variation of the thermal For the analysis at each gridpoint. OTIS utilizes only anomalies about climatology as'. ('0|cCptually, obserdata which fall within certain temporal and spatial vations which are more highly correlated with one anwindows (see Phoebus 1988) . For the SST analysis, other are expected to agree more closely, and temper-ature differences in regions of high expected rms de-in the upper-and midlatitudes of the Northern Hemipartures from climatology are given more tolerance. sphere associated with the springtime warming. A The use of the correlation 77,, as the flag value is also a much more prominent change over this period, howsubtle way to control the impact one observation has ever, is the cooling along the equator in the eastern on the retention or rejection of another. Observations Pacific. Most likely due to enhanced equatorial upwhich are highly correlated contribute more to the toss welling in response to stronger than normal easterly or keep flag summations of one another than do those wkinds associated with the "La Nifia" weather pattern. observations which are farther separated in space and this cooling trend led to the coldest June SST anomalies time. Currently, the values of a and b are set to 3.0 in the eastern tropical Pacific since the early 1970s and 1.5, respectively. These values were chosen simply (Climate Analysis Center 1988) . through trial and error (see Phoebus 1989) .
The OTIS SST anomaly field for 28 March 1988 is shown in Fig. 3 . Numerous features are prominent. ltion of the western boundary Currents it 100 rn depth representation of' the L oop C urrent in the Gulf of than [1LOTS. including I ) separation ot the high raMexico. This feature is all but absent in the TEOTS dicnt /ones 01 the Kuroshio anjd the Ovrashio. -a more T200( field. ph'.sicall\ realistic orientation and packing of the isoThe OTIS and TEOTS temperature anomialy fields therni% in the Kuroshio South of' Japan. 3 I tighter at 200 mn depth (-1-200 anomalx ) for 28 March 1 988 packing of isothermsv. in the Gulf Streamn extension re-are show n in Fig. 6 . Substantial differences are apparent gion bctw.cen 60' and WW.\ and 4 )a more phvsicall\ in the 1100 anomnal fields produced h\ the tw~o modrealistic orientation and packing of isotherms west of' els. InI veneraI. the TEOTS T200 anomal\ field appears 7()'\N' and south of' (Cape H atteras. In addition. the noisli, nan the corresponding OTIS field. particularl\ aly ield generally show more spatial continuitv and then the LOTS vertical blending will tend to force in exhibit a more physically reasonable east-\est ( vice a warm anomaly at 200 m11. But, if" there is actually a north-south or circular) pattern. A large %%arm anomcold anomaly at 200 ml. then the LOTS/TEOTS temaly extending across most of the tropical South Pacific perature at this depth will differ from reality by esen between 5; and 25OS is present in both the OTIS and more than climatology (i.e., it will be \warmer than ITLOTS fields, but the northern and southern bound-climatology while really is colder than climatology ). aries of this anomaly are represented much more OTIS, on the other hand. performs its equi\alent of sharpl\ by OTIS. This corresponds to the sharper horthe FOTS/TEOTS vertical blending process only from i/ontal gradients in the OTIS T200 field for this region the surface do\ n to the base of the mixed layer. Thus. which kkere obvious in Fig. 5 . temperature anomalies below the mixed layer in OTIS In some regions. the ditlrernces between the OTIS can arise tm/i if the bathy data support them. and TEOTS T200 anomalies are quite large. For exThe OTIS and TEOTS T200 anomaly fields for 28 ample. TEOTS shows a warm anomaly of over 2.0°C April 1988 are show\ n in Fig. 7 which can be quite large (including, in the context of into the models (making the observations independent model comparison, errors produced by subgrid-scale of the models). Each bathy observation is then vertifeatures unresolved by the model grids), they still pro-cally interpolated linearly to a standard vertical grid vide an important ground truth reference for ranking between the surface and 300 m. and spurious obserthe skill of ocean thermal models. vations are discarded automatically by a bathy error Once per day the thermal fields from OTIS and detection algorithm, which is less sophisticated than TEOTS are interpolated via a Bessel technique to the the OTIS quality control procedures discussed in seclocations of all bathy observations received at FNOC tion 4. during the previous 24 hours but not vet assimilated
The remaining data are used to calculate analyzed Fig 8a,,  g yb.,- for._... . minus observed temperatures (i.e., the "apparent or-OTIS and TEOTS at about 100 rn depth. The midlatrors" in the analyzed temperatures) for both OTIS and itude western Atlantic (Area 4. Fig. 1Od) shoNs a TEOTS at the standard grid depths of 0. 12.5. 25 50, monotonic decrease in the apparent rms error with 75. 100. 150. 200. and 300I m at each bathN location. depth for OTIS. The resulting apparent errors for both OTIS and Note the large apparent rms errors tr OIS bct\een TEOTS from each individual bathv at each standard 25 and 75 Il depth in the midlatitude eastern Pacific depth are accumulated in a running 90-day history tile compared to TLOTS (Area I. Fig. I Oa) . From exand segregated into the nine verification areas shown amination of the apparent ina, errors tor this area in Fig. 9 . From the data in this history tile, the apparent derived from the same bathv dataset ( not shown ), it root-mean-square (rms) errors tor both OTIS and is apparent that the OTIS thermal fields w\ere biased TEOTS are calculated at thle standard depths in each cold in this depth range. This implies that the OT IS of the nine verification areas from the 90-day accu-MID xas biased shallow in the region. suggesting room mulation of data covering the months o' February. for improvement in the TOPS mixed-la\er model and/ March. and April 1988. The total number of data col-or the manner in which OTIS analvzes MID. lected and used in these calculations amounts to 9980
Except in the midlatitude western Atlantic and the bathv observations. Indian Ocean. where the apparent errors for OTIS indicate the largest relative improvement over TEOTS.
1.
I ('rliual prolie
• of appare' ero'r the verification statistics show e\ er little difterence between the accurac\ ot the t\\o products at the surtlce. Fig. 10f , and the tropical eastern Atlantic xarious depth intervals and then di\iding the result b (Area 3A, Fig. I Oh ) . and are probabl\ due primaril.
the depth interval, prov ide a convenient representation to noise in the verification data caused b unresolved of the verification results. Depth-aeraged statistics for vertical displacements of the strong thermoclines in l-ebruary-April 1988 are presented in Table 3 for each these areas produced b\ eddies and internal waves. Thc of the nine xerification areas. Included in the tables midlatitude eastern Atlantic (Area 3. Fig. I Oc ) is char-are depth-axcraged apparent rmis errors fo0r OTIS and acteri/ed by local minima in the error profiles for both T()lS and the percent improvement of the depth- averaged OTIS rms error over that ofTEOTS fbr depth all areas (9980 bathy reports). OTIS shows a 7"; imintervals of 0-300 m, 0-1 50 m. and 150-300 m. proxement over TEOTS in 0-300 m apparent rms erThe statistics in Table 3 show regional differences. ror. Stratified by depth ranges, OTIS shows only a 3'; with the apparent rms errors for both OTIS and TEOTS improvement over TEOTS in 0-150 m apparent rms largest in the midlatitude western Atlantic (Area 4) error, but an II"; improvement over TEOTS in 150-and midlatitude western Pacific ( Area 2). This reflects 300 m apparent rms error. the influence of the Gulf Stream and Kuroshio Current
TEOTS --------------TEOTS---------------
OTIS OTIS
RMS ERROR (DEG C) RMS ERROR (DEG C)
It is useful to compare the accuracy of'OTIS to that systems and their related mesoscale eddy fields. The of the ocean thermal climatology used as the first-guess relative improvement of OTIS over TLOTS is largest field. Depth-averaged apparent rms errors for OTIS in the Indian Ocean (Area 5). OTIS performs poorest and this climatology tr February-April in the nine relative to TEOTS in the midlatitude eastern Pacific verification areas are shown in Table 4 . Also included (Area I ) because of its shallow bias in MID noted in the table is the percent improvement of OTIS over above. but hoth OTIS and TOTS are extremely ac-the climatology. Averaged over all areas. OTIS shows curate there with low apparent rms errors relative to a 12(; improvement over climatology in 0-300 m apthe other areas and climatology. When averaged over parent rms error. The improvement relative to cli- fields (a") anti, hence, the difllrences in the relati\ e (31 ) perf'ormance of'the models. Table 3 . product ). comparing output from the two models qualitatively, and validating the output of the models 7. Summary, conclusions, and future work against bathy data that was inrdependent of the r~odels. Qualitative comparison of SST fields producid by 01TIS is an ocean thermal analsis system designed OTIS and TEOTS shows little difference between the for operational use at FNO(. If is hased onl the opti-two products. Comparison of subsurface fields, ho%%-mlum interpo.lation data assimilation technique and e'.er, shows large and important differences betw\een functions in an analsiss-prediction-analvsis data as-thle two. 01TIS subsurface temperature fields exhibit similation cyrcle w~ith thle TOP~S mnixed-layer model, sharper and more realistic hori/ontal gradients. more OTIS provides a rigorous framework for combining phscall\ reasonable large-scale anomlal\ patterns, a real-time data (e.g.. ship. huo\. bath\, and satellite ob-better (though still \m poorl\ resolved ) representation servatbons), climlatology, and predictions from nu-of the Gulf Stream and lKuroshio Current systems, and merical ocean prediction models (e.g., FOPS) to pro-a better representation of the t oop Current in the Gulf duce a large-scale synoptic representation of' ocean of Mexico. thermal structure.
Validation of' OTS and TFOJ )S against indlepenident bathy data (i.e.. unassimilated into the analyses at the Tk", Climatological temperature at gridpoint k. time of validation) indicates that OTIS produces a Ti' Observed temperature at location i. more accurate representation of ocean thermal struc-T'P TOPS predicted temperature at gridpoint k. ture than TEOTS. Apparent rms errors for OTIS are z Dcpth, measurcd positive downward from generally less than those for TEOTS. particularly below the surface in meters. about 100-150 m depth. The 0-300 m depth-averaged Z:
Deepest reported depth in a bathy obserapparent rms errors, calculated from a 90-day accuvation. mulation of data and averaged over all areas to produce r, Idividual MCSST observation at location a sample size of 9980 bathy reports, show OTIS with a 7% improvement over TEOTS. The 0-300 mn depth-(Yk* Xeight given to observation i assimilated at averaged grid-scale rms errors, estimated via a tcchgridpoint k. nique to remove the clkct ofobservational noise from Ok Weight given to TOPS prediction at gridthe statistics and averaged over all areas, show OTIS point k. with a 20% improvement over TEOTS.
'Yk
Weight given to climatology at gridpoint k. OTIS was designated as the Navy's new operational 77, Correlation between resolvable thermal global-scale ocean thermal analysis in July 1988. Presanomalies at location i and location j in ent and future work involves the application of a new space-time. and more sophisticated version of OTIS on eddy-re-X,"
Noise-to-signal ratio for observation i. solving regional grids, and the continued monitoring X,,"
Noise-to-signal ratio for TOPS prediction at of verification statistics derived from independent bathy gridpoint k. data.
•," Noise-to-signal ratio for subgrid-scale error at location i. Analyzed mixed-layer depth at location i. tween Tk"' and independent bathy obser-
hk"
Climatological mixed-layer depth at gridrations. point k.
Rnis subgrid-scale error at location i.
hi'
Observed mixed-layer depth at gridpoint k. a,' Rms error added to MCSST super-obserAl Number of MCSST observations averaged ration as a result of the way in which the around a gridpoint to form a super-obblock averaging of the MCSST data is servation.
(lone. N Number of observations assimilated at grid-ar' Rms error of resolvable thermal field in repoint k, sulting analysis at gridpoint k.
T'
Temperature.
(r)NIrtA.
Rms error ofthe resolvable thermal field 'F' Reference climatological SST gradient, from the previous analysis initializing TA"
Analyzed temperature at grldpolnt k. TOPS at gridpoint k.
